The intensity-calibrated spectra of W II have been recorded in the spectral interval 23 000-51 300 cm −1 (1950-4350Å), using the FT500 UV Fourier Transform Spectrometer at Lund Observatory. Combining the intensity data in this work with lifetimes previously measured using the time-resolved laser-induced-fluorescence (TR-LIF) technique resulted in transition probabilities and log gf values for 95 transitions in W II, originating from nine different upper levels with energies between 47 179 and 55 392 cm −1 . Of these transitions, 85 have never been measured before. The new data are compared with theoretical calculations and with previously measured values when available.
Introduction
Due to the low sputtering yield, high melting point and low tritium retention, tungsten is planned to be used as a divertor material in the tokamak fusion reactor ITER. Atomic data on tungsten ions, such as emission line wavelengths and transition probabilities, are therefore needed both for diagnostic purposes and for the modelling of the fusion plasma [1] .
In addition, tungsten is of interest in astrophysics. For example, neutral tungsten has been observed in 73 Drac and other Ap stars [2, 3] and its abundance has been found to be enhanced in Ba stars [4, 5] . Singly ionized tungsten was found in an Ap star in 1986 [6] , although the authors stated that this observation might have been influenced by nearby lines from ions of other species. However, a line in W II was later reported in the spectrum of Sirius [7] .
The most recent spectral analysis of W II was published in 2000 by Ekberg et al [8] where almost 2500 lines between 1800 and 5800Å were measured and identified. In 2006 Kramida and Shirai [9] published a compilation of all observed lines in W II, together with measured absolute transition probabilities.
The first experimental transition probabilities in W II originated from arc measurements made by Corliss and Bozman in 1962 [10] . In 1973, Clawson and Miller [11] published relative transition probabilities, using a shock tube setup, and in 1983 Obbarius and Kock [12] reported new absolute values obtained from a wall-stabilized arc, operated in argon with tungsten hexafluoride. This resulted in 27 oscillator strengths that deviate from the results obtained by Corliss and Bozman [10] by up to a factor of 100. It has been pointed out that the measurements of Corliss and Bozman [10] were affected by large, systematic errors.
The main problem with the measurements by Corliss and Bozman [10] is that they depend on the assumption of local thermodynamic equilibrium (LTE), and on measurements relating to the state of the plasma, such as its electron temperature. However, combining lifetimes and branching fractions (BFs) has proven to be a reliable method for measuring absolute transition probabilities since no assumptions about the state of the plasma need to be made. In 1984, Kwiatkowski et al [13] published lifetimes for three levels in W II, obtained using the time-resolved laser-inducedfluorescence (TR-LIF) technique. From these lifetimes, the authors derived new absolute transition probabilities from the line intensity data from Obbarius and Kock, reducing their uncertainties by 30%. In a similar way, Henderson et al [14] measured lifetimes with the beam-foil method and obtained f -values by using the old intensity measurements from Corliss and Bozman.
In 2000, Kling et al [15] published BFs from 19 levels in W II in the wavelength range 2040-7500Å, obtained by using a hollow cathode lamp and a Penning discharge lamp as lightsources. The BF values were combined with lifetimes measured by Schnabel et al [16] into absolute transition probabilities for 280 different lines (for the weakest branches, only theoretical values were given).
Recently, Nilsson et al [17] reported litetimes for nine energy levels between 47 179 and 55 392 cm −1 , measured using the TR-LIF technique. However, only calculated BFs were reported. In order to complement the work of Nilsson et al [17] , we have measured BFs in W II for 95 lines between 1951 and 4354Å, originating from these levels. Combining the BFs with the lifetimes reported by Nilsson et al [17] , absolute transition probabilities are obtained.
Branching fractions
The branching fraction BF ij is defined as
where I ij is the intensity of the transition between the lower energy level i and the upper j . Thus, to determine BF ij , it is in principle necessary to measure the intensities of all transitions for level j .
Intensity measurements
In this work, we recorded the spectrum of W II between 23 000 and 51 300 cm −1 with a resolution of 0.05 cm −1 , using the Chelsea Instrument FT500 UV Fourier Transform Spectrometer at Lund Observatory. The light source was a water-cooled Penning discharge lamp with a cathode made of tungsten attached to a holder made of aluminium. Neon, at a pressure of 90 mTorr, was used as carrier gas. The current through the lamp was varied from 100 to 500 mA. To determine whether the line intensities were affected by self-absorption, we plotted ratios between two lines from the same upper level as a function of the current. All these plots gave horizontal, straight lines indicating that no self-absorption was present, and the plasma was thus regarded as optically thin. A tungsten ribbon lamp was used for intensity calibration in the interval between 23 000 and 27 500 cm −1 , and a deuterium lamp was used for calibration between 25 000 and 51 300 cm −1 . Up to 40 interferograms were added to increase the signal-to-noise ratio. The analysis was made with the program GFit [18] , where the intensities were calculated by fitting Gaussian functions to the measured data. A sample of the spectra measured is shown in figure 1.
Transition probabilities
The transition probability A ij can be derived by combining the BFs and the lifetime of the upper level τ j :
The BFs are extracted from the intensity measurements in this work, and the lifetimes are from the work of Nilsson et al [17] . Using the transition probabilities A ij (in s −1 ), values of log gf have also been derived, where f ij is the oscillator strength defined as
Here λ ij is the wavelength of the transition (inÅngström), g j is the statistical weight of the upper level and g i is the weight for the lower level.
A systematic method for quantifying the uncertainties in BF measurements has been presented by Sikström et al [19] . Following their method, the one-standard deviation uncertainty in the transition probability, σ (A ij ), is calculated through the following formula: a Each level is designated by the integer part of its energy value in cm −1 (taken from the compilation by Kramida and Shirai [9] ). Odd-parity levels are denoted by ' o ', values of J are given in subscripts. b Lines marked with * are blended and the theoretical value from [17] is given.
Here σ (I ij ) is the uncertainty of the measured line intensity as estimated from the Gaussian fitting routine in GFit. σ (c j ), typically 5%, is the uncertainty of the intensity calibration. σ (τ ) is the uncertainty associated with the lifetime measurements. The first term in the formula above, K 1 , deals with the uncertainty in the direct measurement of the line due to the transition ij . However, the uncertainty of all other transitions from the same upper level will also contribute to σ (A ij ), giving rise to the terms K 2 , K 3 and K 4 . Due to different calibration sources and detectors, the full spectral range covered has been divided into three subranges, denoted A, B and C, covering roughly 34 000-51 300, 31 000-34 000 and 23 000-31 000 cm −1 , respectively. The intensities in B and C have been normalized to A since most of the strong W II lines are located in this region. However, this gives rise to additional uncertainties, σ (nf AB ) and σ (nf BC ), due to the normalization factors. It should be noted that the formula above is only valid for transitions in region A; however, it can easily be modified for B and C by cyclic permutation. Except for the weakest transitions, it is found that the uncertainty in the lifetime measurements, typically between 5% and 9%, dominates over the other terms. From each upper level, there is generally a number of transitions that are too weak to be measured. The total transition probability of these lines has instead been estimated from the theoretical results in Nilsson et al [17] . Thus, it is assumed that even though the theoretical BFs for individual lines might differ from the experimental ones, the sum of all the missing lines should be approximately the same. In a few cases where the line intensities could not be measured because of blending with lines from other transitions, the theoretical results in Nilsson et al [17] have also been used. The uncertainty of these lines and the missing lines is set to 50%.
Results and discussion
The measured values of A ij , sorted by upper level, are reported in table 1. Table 2 gives the corresponding log gf -values, sorted by wavelength. Lines which have not been able to be measured because of blending are marked with * in the tables. The sum of the lines too weak to be measured-the residualis given at the end of each group of branches in table 1. These are typically between 0.02 and 0.08, with one exception: the group for 54 498 cm −1 have a residual of 0.14. This is due to a relatively strong transition at 1948.3253Å which could not be measured due to heavy air absorption. The wavelengths and wavenumbers given in the tables have been taken from the compilation by Kramida [15] . [9] . A comparison of the measured values and the ones calculated by Nilsson et al [17] shows good agreement, as can be seen in figure 2 . A few experimental log gf values deviate considerably from the calculated values; even though they are quite weak, this deviation is too large to be explained by uncertainties due to low signal to noise. When log gf exp > log gf theory , one possibility is that line blending increases the apparent intensity. This has been thoroughly investigated and no such (known) lines have been found. It should be noted that W II is a system where the amount of level mixing is very high. As an example the 50 430 3/2 state can be considered, where the three strongest eigenvector components are mixed with the distributions of 14%, 11% and 10% [8] . This might lead to difficulties when calculating the BFs, especially for the weakest transitions.
For the branches originating from the level of 47 179 cm −1 , Kling et al [15] have made similar measurements and a comparison with these shows a good correspondence, which can be seen in figure 3 .
